Microbial transglutaminase (MTG) from Streptomyces is naturally secreted as a zymogen (pro-MTG), which is then activated by the removal of its N-terminal proregion by additional proteases. Inteins are protein-intervening sequences that catalyze protein splicing without cofactors. In this study, a pH-dependent Synechocystis sp. strain PCC6803 DnaB mini-intein (SDB) was introduced into pro-MTG to simplify its activation process by controlling pH. The recombinant protein (pro-SDB-MTG) was obtained, and the activation process was determined to take 24 h at pH 7 in vitro. To investigate the effect of the first residue in MTG on the activity and the cleavage time, two variants, pro-SDB-MTG(D1S) and pro-SDB-MTG(⌬D1), were expressed, and the activation time was found to be 6 h and 30 h, respectively. The enzymatic property and secondary structure of the recombinant MTG and two variants were similar to those of the wild type, indicating that the insertion of mini-intein did not affect the function of MTG. This insignificant effect was further illustrated by molecular dynamics simulations. This study revealed a controllable and effective strategy to regulate the activation process of pro-MTG mediated by a mini-intein, and it may have great potential for industrial MTG production.
M
any proteases from prokaryotic and eukaryotic sources are secreted as zymogens (proenzymes) (1) . The proregion is essential for efficient protein folding and the suppression of mature enzyme activity (2) . Most of the proregion can be autocatalytically degraded after folding. However, some proteases, such as the transglutaminase from Streptomyces (3) and carboxypeptidase Y from Saccharomyces cerevisiae (4) , require another protease to remove their proregions, which is not economical due to the high price of the additional protease and the follow-up process to remove the protease from the final product.
Transglutaminases (EC 2.3.2.13; TGases) are a family of enzymes that catalyze cross-linking between the ␥-carboxyamide group in glutamine residues (acyl donors) and a variety of primary amines (acyl acceptors), including the amino group of lysine (3) . In addition, the hydrolysis ability of the ␥-carboxyamide group of the glutamine residue with water as the acyl acceptor is also observed (3) . Multifunctional TGase is widely found in mammals (5), plants (6) , and microorganisms (3). The extremely high cost of producing animal and plant TGases has hampered their application; thus, microbial TGase (MTG) has been chosen to be a replacement enzyme. MTG is calcium ion independent, and basic and applied functional studies have demonstrated its industrial utility (7, 8) . MTG has a widespread use in the food industry to improve functional properties of food proteins, such as meat rebuilding, the enhancement and change of food flavor, the prolonging of the shelf life of certain foods, and the reduction of allergenicity (3) . Recent studies have suggested that MTG-mediated cross-linking also has great potential for tissue engineering, textile and leather processing, biotechnological tools, and other nonfood applications (9) , which can greatly increase the demand for MTG. The first industrially valuable MTG was discovered in Streptomyces mobaraensis (10) . Subsequently, a growing number of MTGs from different microbial species were identified. Several pro-MTGs from Streptomyces have been expressed in Escherichia coli, Corynebacterium glutamicum, Streptomyces lividans, and methylotrophic yeasts (11) . However, an additional protease is required to activate pro-MTG. Therefore, it is desirable to develop a controllable and cost-effective strategy for the production of MTG.
Protein splicing is an extraordinary posttranslational processing event in which an internal polypeptide (intein) is excised from a protein precursor, and then the N-terminal polypeptide (Nextein) and C-terminal polypeptide (C-extein) are ligated together (12) . Inteins can catalyze protein splicing without the requirement for cofactors or auxiliary enzymes (12) . Furthermore, protein splicing can be modulated by mutation and converted to highly specific self-cleavage and protein ligation reactions that are useful protein engineering tools (12) . Inteins have progressed from being a peculiarity to being widely applied in biotechnology, biomedicine, and protein chemistry (12) . A sequence for an intein with 429 amino acids was found in the dnaB gene, encoding a DNA helicase in the cyanobacterium Synechocystis sp. strain PCC6803 (13) . Deletion of the central 275 amino acid residues resulted in a splicing-proficient minimal intein (Synechocystis sp. strain PCC6803 DnaB mini-intein [SDB]) consisting of the N-terminal 106 residues and the C-terminal 48 residues (13) . By replacing the SDB N-terminal cysteine residue with alanine, N-terminal cleavage was blocked, and C-terminal cleavage was found to be pH dependent, with an optimum level between pH 6.0 and 7.5 (14) . SDB has a wide range of applications in protein engineering, such as protein expression and purification (15) , immobilization (16) , and cyclization (17) .
In this study, a pH-controllable SDB was inserted between the proregion and MTG derived from Streptomyces hygroscopicus. The recombinant protein, pro-SDB-MTG, was successfully expressed in E. coli, and mature MTG was obtained by simply controlling the environmental pH. Pro-SDB-MTG overcomes the economic problems related to the activation process for pro-MTG that is mediated by an additional protease. The strategy in this study has potential for the industrial production of MTG.
MATERIALS AND METHODS
Strains and plasmids. Genomic DNA from S. hygroscopicus WSH03-13 was isolated and used as a template to clone the pro-MTG gene (GenBank ID: HM231108) with the primer pairs PTG-up and PTG-down (Table 1) . The PCR product was digested and ligated into the NcoI-XhoI sites of the pET22b(ϩ) vector to construct pET-pro-MTG (Fig. 1) . The pelB signal peptide was used for protein secretion (18) , and the His tag was used to simplify the purification procedure (19) . The gene encoding SDB was cloned from the pTWIN-1 vector (New England BioLabs Inc.) with the primer pairs SDB-up and SDB-down ( Table 1 ). The 5= ends of these two primers were homologous with the 3= end of the proregion and 5= end of MTG, respectively. The resulting PCR products were used as primers to introduce SDB into pET-pro-MTG. Then, DpnI was used to digest the pET-pro-MTG template. The resulting product was transformed into E. coli BL21(DE3) to produce pET-pro-SDB-MTG (Fig. 1) . Using pET-pro-SDB-MTG as a template, pET-pro-SDB-MTG(D1S) (the first residue of MTG was replaced with a serine) ( Fig. 1 ) and pET-pro-SDB-MTG(⌬D1) (the first residue was deleted) were constructed by whole-plasmid PCR amplification with the primer pairs D1S-up and D1S-down and ⌬D1-up and ⌬D1-down, respectively ( Table 1 ). All of the plasmid constructs were verified by DNA sequencing. The E. coli strain BL21(DE3) was used as a host for the expression of recombinant proteins.
Culture conditions. Transformants were grown at 37°C in 500 ml TB medium (per liter: 12 g tryptone, 24 g yeast extract, 4 ml glycerol, 2.3 g KH 2 PO 4 , 16.4 g K 2 HPO 4 · 3H 2 O) containing 4 g/liter glucose, 1% (vol/ vol) ethanol and 50 mg/liter ampicillin in a 2-liter flask. When the cell optical density at 600 nm (OD 600 ) reached 0.6, IPTG (isopropyl-␤-Dthiogalactopyranoside) was added to the medium at a final concentration of 0.8 mM, and the cells were incubated at 18°C for 24 h. The cell density was measured with a spectrophotometer [UV-1800(PC); Mapada, China] every 6 h after adding IPTG to the medium.
Periplasmic protein extraction, MTG activation and purification. All of the recombinant strains were harvested by centrifugation (8,000 ϫ g, 5 min), resuspended at the same cell density in buffer A (per liter: 3.6 g Na 2 HPO 4 · 12H 2 O, 1.6 g NaH 2 PO 4 · 2H 2 O, 29 g NaCl [pH 7.4]). A modified osmotic shock method (20) was used to extract the periplasmic protein, because proteins fused with a pelB signal peptide are expected to be transported into the periplasm in E. coli (18) . For MTG activation and purification, cells were ultrasonicated on ice and then centrifuged (15,000 ϫ g, 10 min), and the supernatant was adjusted to pH 7 with NaOH and incubated at 25°C for the C-terminal cleavage of SDB. SDS-PAGE analysis and assays were performed every 6 h during incubation. NaOH was then added to adjust the supernatant to pH 7.4, and it was centrifuged (15,000 ϫ g, 10 min). Next, the supernatant was loaded onto an affinity column (HisTrap FF crude, GE Healthcare UK Ltd.) equilibrated with buffer A and eluted with 0 to 0.5 M imidazole in the same buffer. Fractions containing the mature enzyme were pooled and dialyzed in 20 mM Tris-HCl (pH 8). The partially purified protein was then added to an anion exchange column (Resource Q; GE Health Care UK Ltd.) equilibrated with 20 mM Tris-HCl (pH 8). The mature enzyme was eluted with 0 to 0.5 M NaCl in 20 mM Tris-HCl (pH 8). Protein fractions were detected by SDS-PAGE. The purification of wild-type MTG from S. hygroscopicus culture medium was performed as previously described (21) . Protein concentrations were determined using the Bradford assay, and bovine serum albumin (BSA) was used as a standard. All purification steps were performed at 0 to 4°C and conducted with an AKTA purifier (GE Healthcare UK Ltd.).
N-terminal sequencing of MTG and its variants. The purified enzymes were subjected to SDS-PAGE and blotted onto a polyvinylidene difluoride (PVDF) membrane in a transfer chamber at 200 mA for 1 h in transfer buffer (per liter: 2.2 g CAPS [3-(cyclohexylamino)-1-propanesulfonic acid] and 100 ml methanol [pH 11]). The polypeptide bands were visualized by staining with Coomassie brilliant blue R-250. The 37.8-kDa band was excised and subjected to Edman degradation-based N-terminal peptide sequencing (Shanghai GeneCore BioTechnologies Co., Ltd., China).
Enzyme assay. MTG activity was determined by the colorimetric hydroxamate procedure (hydroxamate assay) as previously described (21) . One unit of transglutaminase was defined as the amount of enzyme needed for the formation of 1 mol L-glutamic acid ␥-mono-hydroxamate per minute at 37°C. Kinetic parameters were determined in a reaction mixture containing various amounts of the specific substrate N-Gln-Gly (N-benzyloxycarbonyl-L-glutaminylglycine) (0 to 30 mM) as indicated above. The Michaelis constant (K m ) and maximum velocity (V max ) were determined by Lineweaver-Burk plots (22) Homology modeling. The three-dimensional structure of the pro-MTG from S. hygroscopicus was modeled as previously described (23) by the web-based Swiss-Model (http://swissmodel.expasy.org/). The X-ray crystal structure of the pro-MTG from S. mobaraensis (3IU0; 73.1% sequence similarity) was used as a modeling template (24) . Stereochemical analysis of the structure was performed using PROCHECK (25) (http: //nihserver.mbi.ucla.edu/SAVES/). The final model displayed good geometry with no residues in the disallowed region, confirming the reliability of the resulting model.
Simulation setup and configuration of the molecular dynamics of pro-MTG. The structure used in the molecular dynamics (MD) procedure was obtained from the above modeling steps. MD simulations were performed with NAMD software (26) with the charmM force field (http: //www.ks.uiuc.edu/Research/namd/). Na ϩ was added to neutralize the system. pH 7 was set as the default. Proteins were solvated in a cubic box consisting of TIP3P (three-site transferable intermolecular potential) water molecules, and the box size was chosen by the criterion that the distance of the protein atoms from the wall was greater than 10 Å. An Ewald summation method was used to calculate the total electrostatic energy in a periodic box named Particle Mesh Ewald (PME).
Structure minimization was performed to remove any unexpected coordinate collision and obtain the local minima. The water box and whole system were minimized using the descent method plus the conjugate gradient method. After minimization, system heating, equilibration, and data sampling were performed in sequence. System heating was gradually performed from 0 K to the desired temperature in an NTV (constant temperature and volume) ensemble, followed by a further 200-ps simulation for equilibration and a 2-ns or longer simulation for data sampling in an NTP (constant temperature and pressure) ensemble. The temperature was set at 300, 320, or 340 K at 1 atm pressure. The weak coupling algorithm was used for temperature and pressure regulation with a coupling time of 1 ps.
RESULTS AND DISCUSSION
Expression of pro-SDB-MTG and its pH dependent activation. To achieve an SDB-mediated activation process for pro-MTG, the pET-pro-SDB-MTG (SDB inserted between the proregion and MTG) plasmid was constructed and transformed into E. coli BL21(DE3). As shown in Fig. 2 , pro-SDB-MTG was successfully expressed (Fig. 2A) , and the protein was found to be secreted into the periplasm based on osmotic shock treatment (Fig. 2B) . After the cell lysate supernatant was adjusted to pH 7, the time course for C-terminal cleavage of pro-SDB-MTG was detected by SDS-PAGE. As shown in Fig. 3A , the C-terminal cleavage of pro-SDB-MTG was completed within 24 h, and the activity of recombinant MTG was up to 0.37 U/ml/OD 600 unit of cell mass. These findings indicated that pro-SDB-MTG could be secreted into the periplasm by the pelB signal peptide and activated by the SDB. In addition, low MTG activity could be detected before treatment at pH 7 ( Fig. 2A and B) ; this might be caused by spontaneous SDB C-terminal cleavage (27) .
Cleavage activity of pro-SDB-MTG and its variants. The first C-extein residue of SDB plays an important role in C-terminal cleavage (14) . With Gln, Asn, Leu, Ile, Arg, Lys, or Pro as the first residue, C-terminal cleavage will be blocked. However, if Ser, Cys, Ala, or His is the first residue of C-extein, particularly Ser and Cys, C-terminal cleavage activity could be promoted (14) . Therefore, a variant gene, pro-SDB-MTG(D1S), in which the first N-terminal residue of MTG is replaced with a serine was designed, and the variant pro-SDB-MTG(D1S) was used to investigate the effect of the Ser residue on C-terminal cleavage activity. In addition, Shimba et al. (28) have reported that a MTG variant from Streptoverticillium sp. strain s-8112 with the first N-terminal residue (Asp) deleted showed higher specific activity than the wild-type enzyme. MTG from S. hygroscopicus shares high sequence similarity (over 70%) with that from Streptoverticillium sp. strain s-8112. Thus, we constructed another variant gene, pro-SDB-MTG(⌬D1), in which the first residue (Asp) of MTG was deleted. In this variant, the first residue of MTG was an Ala (Fig. 1) , a residue that favors C-extein cleavage.
The two variants were successfully expressed ( Fig. 2A ) and found to be secreted into the periplasm (Fig. 2B) . In addition, SDB spontaneous C-terminal cleavage was also observed for the two variants during cultivation (Fig. 2) . After the cell lysate supernatant was adjusted to pH 7, the time course for C-terminal cleavage of the two variants was detected by SDS-PAGE. As shown in Fig.  3B and C, the C-terminal cleavage of pro-SDB-MTG(D1S) and pro-SDB-MTG(⌬D1) could be completed in 6 and 30 h, respectively. The cleavage activity of pro-SDB-MTG(D1S) was much higher than that of pro-SDB-MTG. However, the cleavage activity of pro-SDB-MTG(⌬D1) was lower than that of pro-SDB-MTG, which was not expected. This difference might be caused by the fact that the C-extein (MTG) used in this study was different from the initial C-extein (14) . Though pro-SDB-MTG(⌬D1) cleavage required 30 h, the activity of MTG was up to 0.41 U/ml/OD 600 unit of cell mass, which was approximately 2-fold higher than that of pro-SDB-MTG(D1S) ( Table 2) . These results were consistent with the expression level revealed in SDS-PAGE ( Fig. 2A) .
Effect of the MTG cross-linking ability on protein secretion, expression, and cell growth. The secretion of recombinant proteins into the E. coli culture medium or periplasm has several advantages over intracellular production, including simplified downstream processing, enhanced biological activity, higher production stability and solubility, and N-terminal authenticity of the expressed peptide (18) . Generally, the pelB signal peptide mediates the transportation of recombinant proteins into the periplasm or medium by the SecB-dependent pathway, which is the pathway most commonly used for recombinant protein secretion (18) . In a previous study, pro-MTG from S. hygroscopicus fused with the pelB signal peptide was efficiently secreted into the culture medium (23) . However, with the same signal peptide, pro-SDB-MTG, pro-SDB-MTG(D1S), and pro-SDB-MTG(⌬D1) were obtained from the periplasm and not the culture medium (Fig. 2B) . This difference might be caused by the MTG crosslinking ability, which could thicken the cell wall. It has been reported that MTG can thicken the cell wall or outer member to prevent its secretion (29, 30) . In this work, the MTG activity was detected during the cultivation of the transformants harboring pET-pro-SDB-MTG, pET-pro-SDB-MTG(D1S), and pET-pro-
SDB-MTG(⌬D1).
The pro-SDB-MTG(⌬D1) expression level was approximately 2-fold higher than that of pro-SDB-MTG(D1S) (Fig. 2A) . The lower expression of pro-SDB-MTG(D1S) might result from the presence of a large amount of mature MTG in the periplasm (Fig.  2B ) due to its higher cleavage activity (Fig. 3B ). And the crosslinking ability of MTG in the periplasm is toxic for cell growth, which affects pro-SDB-MTG(D1S) expression by cell regulation (see Fig. S1 in the supplemental material).
Characterization of recombinant enzymes. Although pro-SDB-MTG and its variants could be easily released from the E. coli periplasm by a modified osmotic shock method (20) , a small portion of the recombinant protein remained detectable in cells (data not shown) after treatment with the method described above. Therefore, ultrasonication was used to release all of the recombinant protein in cells. With a His tag at the C terminus, the recombinant MTG and its variants [MTG(D1S) and MTG(⌬D1)] derived from pro-SDB-MTG, pro-SDB-MTG(D1S), and pro-SDB-MTG(⌬D1) were purified from the supernatant of cell lysates using Ni ϩ affinity and anion-exchange chromatography (see Fig. S2 in the supplemental material). Wild-type MTG from S. hygroscopicus was also purified by a previously described procedure (21) (see Fig. S2 ). N-terminal sequence analysis of recombinant MTG and its variants showed that the C-terminal cleavage occurred at the predicted site ( Table 2) .
The specific activity and K m of wild-type MTG, recombinant MTG, and its variants are shown in Table 2 . The specific activity and K m of the MTG derived from pro-SDB-MTG were similar to that of wild-type MTG, indicating that the insertion of SDB did not affect the enzymatic activity. A reduction in MTG(⌬D1) and MTG(D1S) specific activity should result from an alteration in the first N-terminal residue but not from the insertion of the miniintein. Of note, MTG from Streptoverticillium sp. strain s-8112 with the first N-terminal residue (Asp) deleted showed higher specific activity than the wild type (28) , but the variant MTG(⌬D1) from S. hygroscopicus exhibited lower activity than the wild type in our study. Structure analysis of the recombinant enzymes and pro-MTG. MTG from S. hygroscopicus shares high identity (79.2%) with that from S. mobaraensis (31) . Suzuki et al. utilized the CD spectrum to detect the salt-induced conformational changes of MTG (32) and pro-MTG (33) from S. mobaraensis. Therefore, the CD spectra of the wild-type MTG, recombinant MTG, and its variants were compared to further investigate the effect of the SDB insertion on the MTG structure. The far-UV CD spectrum of recombinant MTG and its variants were similar to that of the wild type (see Fig. S3 in the supplemental material), indicating that the insertion of SDB between the proregion and MTG had only a negligible influence on the secondary structure of MTG.
It has been reported that the proregion is a scaffold for packing the mature MTG into a native structure (23, 30) . The insertion site was speculated to be in a flexible region; thus, each portion (proregion, SDB, and MTG) would have the ability to adjust its relative position to the proper place to produce a functional enzyme. The three-dimensional structure of pro-MTG from S. hygroscopicus was obtained as previously described (23) (Fig. 4A) . This structure was prepared by the PyMOL program (http://www.pymol.org). A loop region (residues S49 to A59) consisting of the C terminus of the proregion and the N terminus of MTG was observed. It is well known that a loop region usually has high flexibility, which can be further confirmed by molecular dynamics (MD). The average root mean square fluctuation (RMSF) values in the MD simulation are usually considered the criterion for the overall flexibility of the system. The RMSF for the backbone atoms of residues was calculated over the last 1 ns at different temperatures for pro-MTG. As shown in Fig. 4B , most regions of pro-MTG merely showed slight RMSF, indicating the stability of these regions. In contrast, the loop region (residues S49 to A59) exhibited steep RMSF at 300, 320, and 340 K, respectively, implying that this loop was a highly flexible region in pro-MTG. Due to the high flexibility of the loop region (residues S49 to A59), the inserted SDB might produce only minor effects on the relative position of the proregion and MTG.
Advantage of MTG production using an intein strategy. In the traditional production process, MTG is produced by S. hygroscopicus, S. mobaraensis, or other organisms. Traditional MTG production usually requires a long cultivation time (21) , and the genetic instability of Streptomyces influences MTG production (34) . Therefore, MTG production using different expression systems has been developed. A common strategy is that the pro-MTG produced by different expression systems is activated by an additional protease (11), which is not economical for MTG production. It has been reported that mature MTG from S. mobaraensis is directly obtained in Corynebacterium glutamicum by the coexpression of pro-MTG and a protease (35, 36) . In addition, Yurimoto et al. revealed that the coexpression of proregion and MTG from S. mobaraensis in methylotrophic yeasts could also secrete mature MTG (37) . However, these expression systems have the drawbacks of long culture times and high cultivation costs. In contrast, E. coli expression systems facilitate protein expression by their relative simplicity, lower cost, fast high-density cultivation, well-known genetics, and large number of compatible tools available for biotechnology (38) . The MTG from Streptomyces ladakanum could be directly obtained by the coexpression of pro-MTG and a protease in E. coli, and the highest activity was 0.2 U/ml/OD 600 unit (39) . In addition, Liu et al. revealed that the coexpression of the MTG from S. hygroscopicus with its proregion could secrete mature MTG into the periplasm in E. coli, and the highest activity was 0.13 U/ml/OD 600 unit (30) . Meanwhile, they found that it was very difficult to extract active MTG from the periplasm by the osmotic shock method, which might be due to the thickened cell wall caused by MTG's cross-linking ability (30) . In this study, the MTG activity reached 0.41 U/ml/OD 600 unit. The increase in MTG activity obtained by using the SDB strategy may be explained by the inhibition of MTG activity during the expression process, because pro-SDB-MTG is an immature protein exhibiting no MTG activity. This strategy avoided the toxicity of the cross-linking ability of MTG for living cells, resulting in an improved expression level of MTG. In fact, the MTG activity was still detected during cultivation, indicating that a portion of the recombinant protein (pro-SDB-MTG and its variants) converted to mature MTG because of the spontaneous SDB C-terminal cleavages (27) . The small amount of active MTG in periplasm could still thicken the cell wall, but this effect was much weaker than the coexpression method in E. coli described in reference 30. As a result, the recombinant protein could still be extracted from the periplasm in E. coli by the osmotic shock method. If the spontaneous C-terminal cleavages could be suppressed, MTG activity might be further increased and pro-SDB-MTG and its variants might be secreted into the culture medium.
Inteins were discovered 2 decades ago, and they have already become a powerful tool in protein engineering (12) . The SDB used in this study is one of the inteins used in the IMPACT system (New England BioLabs Inc.), which has widespread applications in protein expression and purification (15) , ligation (40) , immobilization (16) , and cyclization (17) . This strategy has great potential for the industrial production of MTG and may be useful for the production of other proenzymes, particularly those that are toxic to the host.
Conclusions. The pH-controllable SDB was inserted between the proregion and MTG in S. hygroscopicus. The recombinant protein (pro-SDB-MTG) was successfully expressed in E. coli, and mature MTG was obtained by simply controlling the environ- mental pH. The C-terminal cleavage activity was improved when the first Asp residue of MTG was mutated to Ser. The highest MTG activity was 0.41 U/ml/OD 600 unit when the first Asp residue of MTG was deleted. This strategy has great potential for industrial MTG production.
